We apply magnetic fields of up to 7 T to an indium arsenide (InAs) quantum dot (QD) strongly coupled to a photonic crystal cavity. The field lifts the degeneracy of QD exciton spin states, and tune their emission energy by a combination of diamagnetic and Zeeman energy shifts. We use magnetic field tuning to shift the energies of the two spin states to be selectively on resonance with the cavity. Strong coupling between the cavity and both spin states is observed. Magnetic field tuning enables energy shifts as large as 0.83 meV without significant degradation of the QD-cavity coupling strength.
The application of magnetic fields to QDs that are coupled to optical microcavities provides access to additional degrees of freedom based on QD spin or photon angular momentum. The magnetic fields serve to lift the degeneracy of these states of the QD, providing a more complex level structure 10 with important implications for coherent light-matter interaction and quantum information processing. These states have already been used to implement coherent population trapping 11 and quantum control of a single QD spin 12 in bare QDs.
Incorporation of optical microcavities is expected to enhance these effects and enable additional applications such as single photon generation with improved indistinguishability 13 , and entanglement between QDs and optical fields 4, 9 . In addition, magnetic fields provide a practically useful tuning mechanism to control interactions between QD emission and a microcavity. In contrast to methods such as temperature tuning 2,14 , local gas deposition 15, 16 , DC stark shifts 17, 18 , and photochromic films 19 , magnetic fields enable both red and blue shifting depending on the spin state of the QD.
Recently, magnetic field tuning was used to tune the emission of an elongated indium gallium arsenide (InGaAs) QD into resonance with micropillar cavity systems 20 . In these systems, tuning was achieved by diamagnetic shifting rather than Zeeman spin splitting. At large magnetic fields (above 3 T), magnetic confinement of electrons and holes was found to degrade the cavity-QD coupling strength due to reduction of the QD dipole moment 20 .
In this letter, we demonstrate strong coupling between exciton spin states of an InAs QD coupled to a photonic crystal cavity in the strong coupling regime. By using Zeeman split exciton lines of InAs QDs, we were able to tune the QD emission frequency over 0.83 meV with applied magnetic fields as high as 7 T. In contrast to elongated InGaAs QDs, we show that the coupling between InAs QD spin states and the cavity mode is largely independent of magnetic field strength, allowing large tuning ranges without significant reduction in the cavity-QD coupling strength. Ultimately, this system provides a three level 'V' system inside the cavity that may have important applications for quantum information and basic studies of quantum coherence.
Measurements were performed on self assembled InAs QDs coupled to gallium arsenide (GaAs) photonic crystal cavities. The initial sample consisted of a 160 nm thick GaAs layer grown on top of a 1 µm aluminum gallium arsenide (Al 0.78 Ga 0.22 As) sacrificial layer. InAs
QDs were grown in the middle of the GaAs layer. Photonic crystal cavities were patterned into the structure by electron beam lithography and inductively coupled plasma etching, followed by wet etch removal of the sacrificial layer. Photonic crystal cavities used in this experiment were based on a three hole defect (L3) cavity with fine tuning of the six holes near the cavity edge 21 . A scanning electron microscope image of a typical cavity structure is shown in the inset to Figure 1 (a). The high power photoluminescence (PL) spectrum from the cavity device used in these experiments is shown in Figure 1 (a). From the PL measurement, the cavity Q is determined to be 9,000.
The sample was mounted in continuous flow liquid helium cryostat and cooled down to a temperature of 10 − 50 K. The cold finger of the cryostat was surrounded by a superconducting magnet that can apply magnetic fields of up to 7 T. The direction of the magnetic field was parallel to the sample growth direction (Faraday configuration). The sample was excited by a Ti:Sapphire laser tuned to 865 nm, and the emission was collected by a confocal microscope using an objective lens (numerical aperture = 0.7). The spectrum of the collected signal was measured by a grating spectrometer with a resolution of 0.02 nm.
We initially measured the PL from a bare QD in the absence of any cavity as a function of a magnetic field as shown in Figure 1 (b). When a magnetic field was applied, the QD emission split into two branches corresponding to exciton states with angular momentum of -1 for the higher energy branch and +1 for the low energy branch. The energy shift of the two exciton states is caused by both the Zeeman energy splitting ∆E Zeeman = γ 1 B and diamagnetic shift ∆E dia = ±γ 2 B 2 where γ 1 = (g e − g h )µ B /2 and γ 2 is the diamagnetic coefficient 10, 22 . Here g e and g h are electron and hole g factors and µ B is the Bohr magneton.
The fitting to the QD PL curve gives g e − g h = 2.9 and γ 2 = 6 µeV/T 2 , which are consistent with previous measurements 10, 20 . At 7 T, we achieve a red shift of 0.21 nm (0.3 meV) for the +1 exciton state and a blue shift of 0.58 nm (0.83 meV) for the -1 exciton state. These tuning ranges are sufficiently large to selectively bring only one of the excitonic states onto resonance with the cavity. It is worth noting that neutral excitons and charged excitons show identical Zeeman behavior as the splitting is given by the difference between electron and hole g factors in both cases 23 . We next investigate the effect of the magnetic field strength on the coupling between the exciton states and the cavity. These measurements were performed by temperature tuning the QD in the presence of a fixed magnetic field. The temperature was varied over a sufficiently wide range so that both excitonic states were swept across the cavity resonance.
Figure 3(a) shows the temperature tuning spectra at 0 T. In this case there is no splitting between the two spin states of the exciton so only a single anti-crossing is observed. The QD line shifts on resonance with the cavity mode at around 33 K. On resonance, the cavity mode and QD emission line are strongly coupled, showing minimum energy separation of ∆E = 123 µeV. This number can be used to extract the cavity-QD coupling strength g using the equation
where γ c and γ x are the linewidths of the cavity mode and exciton respectively. The cavity linewidth is determined to be γ c = 150 µeV from the quality factor (Q = 9, 000) while the QD exciton linewidth of γ x = 1 µeV is taken from the literature 24 . Using these numbers, the vacuum Rabi frequency at 0 T is determined to be g = 72 µeV. At 1 T, the two exciton states are split by 0.11 nm separation (Figure 3(a) ). Both the +1 and -1 exciton states show clear strong coupling to the cavity mode at 32 K and 35 K, respectively. The minimum energy separations are ∆E = 102 µeV for the +1 spin state and ∆E = 94 µeV for the -1 spin state, corresponding to the Rabi frequency of 63 µeV and 60 µeV respectively.
Temperature tuning measurements were taken for magnetic fields ranging from 1 T to 7 T.
For each magnetic field value, the Rabi frequency was calculated from the energy separation of the polariton peaks at the strong coupling point. The results of this measurement are shown in Figure 3 In summary, we demonstrated that the degenerate QD exciton states of an InAs QD can be lifted by applying a magnetic field and that each state can be strongly coupled to the photonic crystal cavity mode. The small mode volume of photonic crystal cavities allows strong coupling between a single QD and a cavity mode even at high magnetic field (7 T).
In addition to serving as a method for tuning QD emission relative to the cavity resonance, application of magnetic fields may open the possibility for exploring the interactions between a cavity and multi-level atomic system. For instance, neutral or charged excitons in magnetic field (Faraday or Voigt configurations) create effective 'Λ' or 'V' multi level states. Such three level atomic configurations can be exploited to achieve optically controlled cavity reflectivity.
In addition, magnetic field tuning can serve as an effective method to bring two QDs having a small emission frequency difference onto resonance with a single cavity mode by using the sample is held at 34 K (QD is blue shifted from cavity) and +1 exciton is shifted onto resonance.
(b) Magnetic field tuning when sample is held at 41 K (QD is red shifted from cavity) and -1 exciton is blue shifted onto resonance. Right panels show measured spectra from 1.5 T to 3.3 T (0.3 T steps) for +1 exciton and 1.8 T to 3.6 T for -1 exciton.
